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ABSTRACT
The purpose of this thesis is to report the generalization of Fourier transform-
second-harmonic generation (FT-SHG) imaging to quantify the arrangement
of collagen fibers in biological tissues in 3D. Collagen is the primary struc-
tural protein in the human body. Depending on the spatial arrangement
of collagen fibers, collagen-based biological tissues can have a wide range
of functions and mechanical properties. In addition, many biological tis-
sues consist of 3D hierarchical structures made of collagen. Therefore, a 3D
quantitative imaging technique with high specificity to collagen fibers will
be a valuable tool for diagnostic and medical purposes. Recently, we have
generalized FT-SHG to 3D by utilizing the 3D imaging capability of SHG
microscopy and combining that with 3D spatial Fourier analysis to quan-
tify collagen fiber organization. Via 3D FT-SHG, quantitative metrics such
as orientation isotropy and preferred orientation can be extracted readily
from SHG images. This thesis is going to demonstrate the utility of 3D
FT-SHG by apply it to three different biological tissues: porcine tendon,
porcine sclera, and rat cervix.
ii
ACKNOWLEDGEMENTS
I wish to express my most sincere appreciation to my advisor, Professor
Kimani C. Toussaint Jr. Because of him, I fully understand the importance
of diligence and integrity. Without the support and guidance he has given me
for the past two years, I would not have achieved what I have accomplished
today. A special thank to Dr. Raghu Ambekar for helping me start at
the PROBE lab. He is a great mentor and an excellent colleague. I would
also like the thank the members of PROBE Lab: Santosh Tripahti, Brian
Roxworthy, Mehdi Zaman, Mahfuz Kabir, Abdul Bhuiya, and Dr. Hao
Chen for their friendship and support. Finally I would like to acknowledge
my family for giving me strength and encouragement.
iii
Table of Contents
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Organization of chapters . . . . . . . . . . . . . . . . . . . . . 3
2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Second-harmonic generation imaging . . . . . . . . . . . . . . 5
2.3 Fourier transform-second-harmonic generation imaging . . . . 8
3 Development of 3D FT-SHG . . . . . . . . . . . . . . . . . . . 10
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . 17
3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4 Application of FT-SHG to rat cervical tissues . . . . . . . . 27
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . 32
4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
iv
Chapter 1
Introduction
1.1 Overview
Collagen is an important structural protein that it accounts for approxi-
mately 25% of the total protein mass [1, 2]. Fibrous collagen, such as type
I collagen, is a tough material as its primary function is to bear loads. De-
pending on the spatial arrangement of collagen fibers, collagen can achieve
a wide range of mechanical properties. For instance, it provides flexibility
in skin, and improves stiffness and maintains shapes in bone. Therefore,
the quantification of the spatial arrangement of collagen fibers is an im-
portant part of studying mechanical properties and functions of biological
tissues. Another important characteristic of collagen is that collagen-based
tissues are prone to alter due to diseases and injuries [3–9]. For example,
recent studies in human breast cancer have shown significant differences in
the spatial arrangement of collagen fibers between normal and malignant
tissues [4, 7]. Therefore, the ability to monitor changes in the spatial ar-
rangement of collagen fibers is essential to evaluate the health status of a
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particular tissue, and to develop tools for medical applications.
Among many imaging techniques, second-harmonic generation (SHG) mi-
croscopy provides a perfect platform for imaging collagen-based tissues be-
cause of its high specificity to collagen fibers and minimally invasive re-
quirements for sample preparation. SHG is a nonlinear optical process
that the generation of signals is due to nonlinear scattering within a non-
centrosymmetric material. Since fibrous collagen (e.g. type I collagen) is
non-centrosymmetric; therefore, high contrast images of collagen fibers can
be imaged without the need for exogenous staining. In addition, since SHG
is a scattering process that no energy is absorbed by the sample during
imaging, it is low in photo-toxicity in comparison with conventional fluo-
rescence imaging. In the past decade, SHG microscopy has become a pop-
ular technique for imaging collagen fibers in biological tissues, and there
has been much effort on developing quantitative metrics for SHG imag-
ing. Fourier transform-second-harmonic generation (FT-SHG) imaging is a
technique that combines SHG microscopy with spatial Fourier analysis to
quantify collagen fiber arrangement. By applying spatial Fourier analysis
to SHG images, quantitative parameters such as orientation isotropy and
preferred orientations of collagen fibers inside a biological tissue can be ex-
tracted readily. In our early studies, FT-SHG was applied to extract spatial
information from 2D SHG images [3,4,10–12]. Since most biological tissues
contain 3D fibrillar structures, a 3D quantitative technique may offer more
utility. Therefore, we have generalized FT-SHG to 3D in our recent stud-
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ies [13–15].
1.2 Organization of chapters
This thesis focuses on the generalization and the application of Fourier
transform-second-harmonic generation (FT-SHG) imaging to quantify col-
lagen fiber arrangement in biological tissues in 3D. Chapter 2 outlines the
motivation and the background of applying FT-SHG to quantify biological
tissues. Chapter 3 focuses on the generalization of FT-SHG to quantify col-
lagen fiber organization in 3D. It includes the methodology of 3D FT-SHG,
a comparative analysis of 2D and 3D FT-SHG, as well as example applica-
tions to porcine tendon and sclera tissues. Chapter 4 discusses the recent
application of FT-SHG to quantify rat cervical tissues from both 2D and
3D perspectives. Chapter 5 is the general conclusion of this thesis.
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Chapter 2
Background
2.1 Motivation
Collagen is the most abundant protein in vertebrates [1, 2]. In fact, it ac-
counts for approximately 25% of the total protein mass in mammals [1, 2].
It is a fibrous and insoluble protein that can be found at the extracellu-
lar matrix (ECM) of most tissues (e.g. cornea, tendon, bone, skin, etc.)
[1–4, 11, 12, 16, 17]. In the human body, there are 20 types of collagen, and
the most common collagen is type I collagen. Type I collagen is a strong
fibrillar material that its primary function is to withstand loads. Depending
on the spatial arrangement of collagen fibers, tissues that contain collagen
can have a wide range of mechanical properties. For instance, collagen fibers
are arranged as parallel bundles known as fascicles in tendon to withstand
axial tension and, at the same time, to provide enough flexibility for move-
ment. Another example is the spatial arrangement of collagen fibers in bone.
Bone is a functionally graded material that the spatial arrangement of ma-
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terials changes over its volume. In cortical bone, where the structure is more
compact, collagen fibers are packed tightly and concentrically around each
osteon [12,18,19]. In trabecular bone, however, fibers are oriented along the
longitudinal direction of the trabeculae such that loads can be transmitted
from the diaphysis to the joint along the spongy bone framework in the epi-
physis [18, 19]. Therefore, the quantification of the spatial organization of
collagen fibers in biological tissues is essential for studying their mechanical
properties and functions.
2.2 Second-harmonic generation imaging
Second-harmonic generation (SHG) is a nonlinear optics phenomenon. It
is a special case of sum-frequency generation, where the two input photons
of the same frequency are annihilated simultaneously and an output photon
with twice the frequency is generated [fig. 2.1]. The requirements of efficient
SHG are a high intensity input field and a non-centrosymmetric sample. A
high intensity field increases the probability of SHG. A non-centrosymmetric
materials has a nonzero second-order susceptibility tensor, which is essential
for SHG. Since SHG is a scattering process that the generation of the output
photon is from a virtual-state-to-ground-state transition rather than from
an excited-state-to-ground-state transition (as is the case with fluorescence),
and as such, no energy is absorbed during the process [fig. 2.2]. Therefore, it
has low photo-toxicity in comparison with fluorescence imaging. In addition,
since the generation of contrast is due to SHG from a non-centrosymmetric
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material, high contrast images of fibrillar biological tissues can be imaged
via SHG microscopy without the need for exogenous staining. Moreover,
since SHG is a nonlinear optical process, the intensity of SHG signal varies
quadratically with the intensity of the input optical field. In the case of
using a highly focused pulsed laser beam, the generation of signal is limited
to a sub-femtoliter focal volume; therefore, SHG microscopy is intrinsically
confocal that it permits 3D imaging. Based on that, the arrangement of
collagen fibers inside a biological tissue can be observed in more details from
a 3D perspective. Because of its minimally invasive requirements for sample
preparation, high specificity, and 3D imaging capability, SHG microscopy
has become an increasingly popular technique for imaging collagen-based
biological materials.
Figure 2.1: The schematic of second harmonic generation in a non-
centrosymmetric collagen fiber [4].
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Figure 2.2: The Jablonski diagrams of a) one-photon fluorescence, b) two-photon
fluorescence, and c) second-harmonic generation [20].
In recent years, there has been much effort on the development of quan-
titative SHG microscopy. Metrics such as forward-to-backward SHG sig-
nal intensity ratio and polarization-SHG provide information about the
ionic environment of a tissue and alteration in collagen molecules, respec-
tively [4, 10, 11, 21–25]. Other metrics such as orientation isotropy and pre-
ferred orientation focus on quantifying the spatial arrangement of collagen
fibers. The later was found to be of special interest to researches on the
bio-mechanical properties of various tissues [3, 17]. FT-SHG, whereby the
unique process of SHG imaging is combined with spatial Fourier analysis,
enables quantitative information of a collagen based tissue to be extracted
readily. In the following section, we will discuss the background of FT-SHG
in more details.
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2.3 Fourier transform-second-harmonic generation
imaging
Fourier transform is a well-developed mathematical tool that has been ap-
plied to various areas to analyze signals and images. In image processing,
spatial Fourier analysis breaks down an image into a superposition of si-
nusoids of different frequencies, amplitudes, phases, and orientations. It is
well-known that spatial orientation and its corresponding spread (orientation
isotropy) calculated from the Fourier domain provides more general infor-
mation about the overall morphology of the image. In addition, it is a simple
technique that images can be analyzed easily without the need for complex
algorithms. Therefore, quantitative information can be extracted readily
using Fourier analysis. By combining SHG imaging with spatial Fourier
analysis, we have developed Fourier transform-second-harmonic generation
(FT-SHG) imaging to evaluate collagen-based materials.
Our early studies have demonstrated the utility of FT-SHG in quantify-
ing spatial arrangement of collagen fibers by applying Fourier analysis to
2D SHG images. We have quantified the structural organization of colla-
gen fibers using parameters such as, fiber orientation, spacing, and thick-
ness [3, 4, 11, 12, 16, 17, 26, 27]. Additionally, our algorithm is able to label
local regions based on the local orientation isotropy and average pixel inten-
sity [13]. The applications of 2D FT-SHG to assess injuries in horse tendon,
to explore age-related changes in porcine cortical bone, and to detect spa-
tial differences in collagen fiber arrangement between normal and malignant
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human breast tissues have shown promising potential to biomedical appli-
cations. Still, there are many problems in biology that would benefit from
the analysis of the spatial organization of collagen fibers in 3D due to the
fact that many biological tissues consist of 3D hierarchical structures made
of collagen fibers. Therefore, we have generalized our technique to quantify
collagen fiber organization in 3D.
9
Chapter 3
Development of 3D FT-SHG
3.1 Introduction
3.1.1 Motivation
As mentioned in the previous chapter, SHG microscopy is an increasing pop-
ular technique due to its ability to generate high contrast images of fibrillar
collagen-based biological tissues without the need for staining [3, 11, 24, 28,
29]. Recent studies that utilize SHG microscopy have shown that unwanted
alterations in collagen fiber arrangements are often associated with diseases
or injuries [3–9]. For instance, bone tissues that suffer from osteogenesis
imperfecta, a structural disorder that leads to brittleness and reduction in
bone strength, contain reduced collagen content and increased proportion of
nonlamellar collagen structure [12,22,30,31]. Another representative exam-
ple is the presence of highly ordered, yet unevenly-distributed collagen fibers
in malignant tissues observed using SHG microscopy [5,32,33]. Such spatial
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alterations may provide cues to the migration of malignant cells during can-
cer progression [8,33]. In addition, collagen fiber organization is responsible
for structural roles and functions of biological tissues [17,19,30,34,35]. For
example, collagen fibers form a functionally graded structure in cartilage
to provide support, cushioning, and lubrication [26, 27, 36]. Moreover, the
optical transparency and flexibility of cornea were shown to be dependent
on the orientation of the embedded collagen fibers [17, 37–40]. Therefore,
quantitative SHG imaging of collagen fibers would be of great interest to
medical and bioengineering applications.
3.1.2 Background
For the evaluation of fibrillar structures in biological tissues, there has been
much effort on developing metrics to quantify SHG images [21, 29, 38]. For
the assessment of spatial arrangements, parameters such as fiber orienta-
tion, spacing, and thickness are often employed [29,40,41]. Such parameters
can be obtained from both the spatial domain and the frequency domain.
Using a computational approach, measurements can be performed more ob-
jectively and quickly. Image processing techniques, such as the Hough trans-
form, Fourier analysis, and principle component analysis are often applied to
extract spatial information from 2D images [11,29,42–46]. Such methods are
useful for analyzing images globally, and the computational cost is invariant
to the complexity of the image. In contrast, bottom-up techniques such
as fiber tracing and center-line extraction can provide localized information
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regarding the dimension and orientation of a particular fiber [47–49]. In
addition, bottom-up techniques are often applied to diffusion tensor imag-
ing of nerve fibers and muscle fibers [48, 50–54]. Some recent studies have
also applied fiber tracing to analyze the 3D orientation and branching of
collagen fibers in collagen gels and cornea [40, 49, 55]. However, the per-
formance and computational cost of bottom-up methods strongly depend
on the complexity of the image (fiber population, density, and length) [51];
bottom-up methods are not feasible for application to, for example, dense
fibrillar tissues. Therefore, to study the overall morphology of collagen fibers
in biological tissues, methods such as the spatial Fourier transform offer more
utility.
3.1.3 FT-SHG
Our early studies in Fourier transform-second harmonic generation (FT-
SHG) imaging utilizes 2D spatial Fourier analysis to quantify the structural
organization of collagen fibers using parameters such as, fiber orientation,
spacing, and thickness [3, 10–12, 29]. Additionally, our technique labels re-
gions of an image based on local orientation isotropy and average pixel
intensity [3, 12]. The applications to assess injuries in horse tendon and
age-related growth in porcine cortical bone have shown promising potential
to utilize FT-SHG for important biomedical problems [3, 12]. Still, there
are many problems in biology that would benefit from understanding the
spatial organization of collagen fibers in 3D. For example, recent research
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on collagenous fibrosis has shown that pathological changes due to fibrosis
progression are depicted more precisely through 3D analysis [23, 37, 56, 57].
Therefore, we have generalized FT-SHG to quantify collagen fiber organiza-
tion in 3D.
This chapter is going to discussion the generalization of FT-SHG to 3D.
Section 2 of this chapter is going to explain the methodology of 3D FT-
SHG, including sample preparation, image acquisition, image processing,
and 3D Fourier orientation analysis. Example applications to porcine sclera
and porcine tendon, and a comparative analysis of 2D and 3D FT-SHG are
provided in section 3. We conclude in section 4 with a brief summary.
3.2 Methods
3.2.1 Sample Preparation
Porcine tissue samples of sclera and tendon were obtained from a local
slaughter house after euthanasia, and stored immediately in 10% forma-
lin. Smaller tissue sections were cut using surgical knife and embedded in
OCT blocks overnight at -80◦C. The tendon tissue samples were cut at an
arbitrary angle φ with respect to the longitudinal direction to artificially
generate 3D structures [fig. 3.1]. Regions of porcine sclera near the optical
nerve were cut in 35-µm-thick sections, with the Leica CM3050 cryostat
(Leica Microsystems Inc., Buffalo Grove, IL, USA), since we expect colla-
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gen fibers to be organized in various orientations in this region. Tissue slices
were soaked in 1x PBS to remove excess OCT, and mounted onto glass slides
using a permanent aqueous mounting media.
Figure 3.1: The porcine tendon tissue was cut along the yellow dashed line at an
arbitrary angle φ with respect to the longitudinal axis (red line) [13].
3.2.2 Image Acquisition
Each image stack was acquired by using the Zeiss LSM 710 confocal mi-
croscope (Carl Zeiss Microscopy, Maple Grove, MN 55369, USA). The light
source was a tunable Ti:Sapphire laser (Newport Corporation, Irvine, CA,
USA) that produces 70 femtosecond-duration pulses spectrally centered at
780 nm at 80-MHz repetition rate. A half-wave plate was used to generate
circularly polarized light to ensure SHG emission from collagen fibers at all
orientations. A short-pass 760-nm dichroic beam splitter was placed inside
the microscope to reflect the beam towards the sample. A 1.2 NA water
immersion objective was used to focus the beam onto the sample. Backscat-
tered SHG signal was collected through the same objective, and projected
onto a non-descanned detector. In order to avoid uncertainty due to inter-
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polation between consecutive images, each image stack was taken with an
axial step size that is similar to the size of each pixel on the lateral plane.
For sclera, the scanning step between images is 100 nm, and the x-y pixel
size is 104 nm. For tendon, the z-step-size is 140 nm and the x-y pixel size
is 139 nm.
3.2.3 Imaging Processing
The Canny edge detection algorithm was implemented for use in extracting
surfaces of collagen fibers from 3D image stacks [58]. Canny’s algorithm
consists of the following four steps: 1. Smoothing, 2. Calculation of the
intensity gradient, 3. Hysteresis thresholding, and 4. Non-maximum sup-
pression [58]. In order to mitigate the effect of Poisson noise, each image
stack is smoothed by using a 3D Gaussian filter [55, 58]. Since SHG signals
are observed only at locations that contain collagen fibers, we can estimate
locations of surfaces of collagen fibers by identifying areas with high intensity
gradient values. In order to improve the continuity of surfaces, Canny’s al-
gorithm applies hysteresis thresholding [58]. Hysteresis thresholding utilizes
two threshold values. The higher threshold value is used to choose voxels
that are more likely to correspond to surfaces. The lower threshold value
is then used to extend those surfaces by including less pronounced surfaces
around them. Finally, non-maxima suppression was performed to limit the
thickness of each surface to 1 voxel.
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3.2.4 3D FT-SHG
Figure 3.2 demonstrates the procedures for calculating the local preferred
orientation of collagen fibers in 3D space using 3D FT-SHG. With a 3D
image stack obtained by using the aforementioned setup, a 3D grid was first
created to divide the image stack into a set of smaller regions. The preferred
orientation of collagen fibers within each smaller region was calculated using
the filter bank method [59–61]. The filter bank consists of various 3D ori-
entation filters constructed in the Fourier space. The 3D Fourier-transform
of each region is then compared with the filter banks, and the filter that
corresponds to the maximum correlation provides the best estimation of
the preferred orientation. In order to decrease the computational time, we
utilized the coarse to fine searching technique that we iteratively add filter
banks around the coarse orientation to calculate the precise orientation [61].
If the average voxel intensity or the orientation anisotropy of a region is too
low, calculation for the preferred orientation for such region becomes un-
necessary [7,11,12]. A dark threshold determines the minimal average voxel
intensity required for orientation analysis [7,11,12]. If the average voxel in-
tensity of a region is lower than the dark threshold, the preferred orientation
will not be calculated for that particular region. Since the coarse-to-fine ap-
proach was used for the orientation analysis, orientation anisotropy of each
region was determined during the first iteration. If many orientation filters
give a similar correlation value, there is no unique orientation, and the re-
gion is labeled as isotropic [7,11,12]. Consequently, the calculation for more
precise results will not be carried out for that region.
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Figure 3.2: An illustration of applying 3D FT-SHG to quantifying arrangement
of collagen fibers in 3D [13].
3.3 Results and discussion
3.3.1 Test Objects
Different test objects were generated to aid the evaluation of the accuracy
and speed of our method. Figures 2a and 2b are examples of the cylindri-
cal test objects (64 x 64 x 64) that were used for testing the accuracy of
our method. According to the figures, the calculated orientation (red line)
matches the test object (green cylinder) closely. The test objects were gen-
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erated at 1◦ interval in both θ and φ directions of the spherical coordinate
system from 0◦ through 360◦. After a total number of 129,600 tests, we
obtained a maximum error of 0.25◦ with a runtime of approximately 2.5 sec
per test object. For a 256 x 256 x 96 test object with spirally curved surfaces
shown in Fig. 3.3., the runtime was approximately 1.5 min on a desktop
computer with a 3.4 GHz processor and 8 GB of RAM. Similar tests were
performed on bigger test objects with sparse or dense features. In the case
of a 512 x 512 x 512 sparse object with less than 15% of the total volume
occupied, the runtime was approximately 5 min. Moreover, a dense object
of the same size with more than 80% of total volume occupied took approx-
imately 30 min.
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Figure 3.3: Cylindrical test objects (green) in 3D space and their calculated pre-
ferred orientation (red line) at (a) θ = 5.00◦, φ = 50.00◦, and (b) θ = 9.50◦, φ
= 1.50◦. (c) A test object with a spiral pattern (gray) and the calculated local
preferred orientations (red arrows) [13].
3.3.2 Porcine Sclera Tissue
3D FT-SHG analysis was performed on an image stack of a porcine sclera
sample obtained from near the optic nerve [Fig. 3.4(a)]. A 3D model of
the image stacks [Fig. 3.4(b)] was generated using an open-source 3D ren-
dering software: Volview [62]. The analysis shows that collagen fibers in
porcine sclera are primarily arranged in layers [Fig. 3.4(c)]. Moreover, the
3D quiver plot of the porcine sclera sample [Fig. 3.4(c)] closely resembles
the 3D models [Fig. 3.4(b)]. The histogram of φ [Fig. 3.4(d)] shows a single
peak centered at 87.5◦. Such consistency in φ indicates that the porcine
sclera consists of parallel sheets of collagen fibers. By observation, collagen
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fibers are aligned along similar preferred orientations within each layer [Fig.
3.4(c)]. However, fiber orientations are different between different layers,
which lead to multiple peaks on the orientation histogram in Fig. 3.4(e). A
similar trend in collagen fiber distribution is also observed from Fig. 3.4(f)
whereby collagen fibers are arranged in discrete layers in porcine sclera.
Moreover, both the SHG image and the statistics of labeled regions show
that a large portion of the tissue was not occupied by collagen fibers [Fig.
3.4(g)]; more than 50% of the total volume is labeled as dark regions [Fig.
3.4(g)].
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Figure 3.4: (a) A 102.4 µm x 102.4 µm x 16.2 µm image stack of porcine sclera
tissue. (b) 3D model of the image stack. (c) 3D quiver plot that shows local fiber
orientations of anisotropic regions. (d) Orientation histogram of collagen fibers
with respect to the z-axis. (e) Orientation histogram of collagen fibers on the xy-
plane. (f) 3D plot of labeled regions that shows location of anisotropic, isotropic,
and dark regions. (g) Histogram of the numbers of labeled regions in the analyzed
image [13].
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3.3.3 Porcine tendon tissue
3D FT-SHG was used to analyze a porcine tendon sample that was sliced
at an arbitrary angle [Fig. 3.5(a)]. Again, a 3D model of the image stacks
[Fig. 3.5(b)] was generated using Volview. The Matlab generated 3D quiver
plot [Fig. 3.5(c)] also resembles the shape of the 3D model. The calculated
preferred orientations with respect to the z-axis, φ, are not centered at 90◦
[Fig. 3.5(d)]; rather, it indicates that there are collagen fibers oriented
across the image stacks. The mean φ value of the tissue slice centers at
36.8◦ [Fig. 3.5(d)]. This may be indicative of the cut angle with respect to
longitudinal axis (see Fig. 3.1). Moreover, our analysis shows that collagen
fibers are aligned along similar preferred orientations within each fascicle as
seen from Fig. 3.5(c). The histogram of θ displays a major peak value at
122.8◦ [Fig. 3.5(e)]; it supports the fact that collagen fibers are algined in
similar orientation within each fascicle, as well as between different fascicles
[9]. The analysis on the distribution of labeled regions reveals that porcine
tendon tissues are dense fibrillar tissues [Fig. 3.5(f)] based on an insignificant
number of dark regions [Fig. 3.5(g)].
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Figure 3.5: (a) A 142 µm x 142 µm x 21.5 µm image stack of porcine tendon tissue.
(b) 3D model of the image stack. (c) 3D quiver plot that shows fiber orientations
of anisotropic regions. (d) Orientation histogram of collagen fibers with respect to
the z-axis (e) Orientation histogram of collagen fibers on the xy-plane. (f) 3D plot
of labeled regions shows location of anisotropic, isotropic, and dark regions (g) A
histogram of the numbers of labeled regions in the analyzed image [13].
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3.3.4 2D FT-SHG versus 3D FT-SHG
Figure 3.6. is a comparative analysis of 2D FT-SHG and 3D FT-SHG as
applied to porcine tendon sample sliced at an arbitrary angle. We observe,
from both methods, similar trends of preferred fiber orientation [Figs. 3.6(a)
and 3.6(b)]. In addition, relatively small spreads (spread = 15.8◦ for 2D FT-
SHG and 6.4◦ for 3D FT-SHG) in the preferred orientation of collagen fibers
are observed from Figs. 3.6(c) and 3.6(d). For the region highlighted in red,
the 2D approach failed to compute fiber orientation that were not restricted
to the transverse plane. Since collagen fibers are held together as bundles
(fascicles) in tendon, they appear as individual disks on the cross-section
image. In contrast, since the 3D analysis considers the entire image stack,
disks on the cross-section images will stack up and form cylinders in 3D
space. Therefore, the 3D method can resolve such uncertainty that occurs
in 2D analysis. Similarly to the previous section, 3D FT-SHG shows that
collagen fibers are oriented obliquely to the transverse plane as the histogram
of φ was not centered at 90◦ [Fig. 3.6(e)]; it shows that the sample could
be sliced at 67.9◦ with respect to the longitudinal direction (see Fig. 3.1).
Similar population distributions of anisotropic, isotropic, and dark regions
[Figs. 3.6(f) and 3.6(g)] are obtained from both methods. Consistent with
our findings from the previous section, porcine tendon is a densely packed
collagenous tissue that the number of dark regions is relatively negligible
[Figs. 3.6(f) and 3.6(g)].
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Figure 3.6: (a, b) Overlaid plots of the quiver plot of local preferred orientation
and the SHG image of a porcine tendon sample. (c,d) Histograms of the in-plane
orientation of collagen fibers. (e) Histogram of orientation of collagen fibers with
respect to the z-axis obtained from the 3D analysis. (f, g) Histograms of labeled
regions in the analyzed image [13].
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3.4 Conclusion
3D FT-SHG applied 3D spatial Fourier analysis to quantify the spatial struc-
ture of collagen-based tissues in 3D. As an extension of 2D FT-SHG, 3D FT-
SHG quantifies collagen-based tissues in 3D based on preferred orientations,
orientation anisotropy, and average voxel intensity. The application of 3D
FT-SHG on the computer generated test objects showed that 3D orienta-
tion can be solved accurately and relatively quickly by combining 3D spatial
Fourier analysis and the coarse-to-fine searching technique. The example ap-
plications of 3D FT-SHG to porcine sclera and tendon demonstrated that
3D FT-SHG can effectively evaluate collagen fiber spatial organization in
3D. We believe that this technique is particularly useful for studying bio-
logical tissues that consist of 3D hierarchical structures made of collagen
fibers [19,35,40,56,63].
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Chapter 4
Application of FT-SHG to
rat cervical tissues
4.1 Introduction
4.1.1 Background
Preterm birth is the condition that an infant is born prematurely before
37 weeks of gestation. Each year, there are 15 million preterm birth cases
worldwide [64]. The incidence of infant mortality, debilitating morbidity and
diseases (e.g. cardiovascular disease, hypertension, neurocognitive disorders,
respiratory conditions, etc.) is more likely for premature infants [65,66]. Al-
though much effort has been made in recent decades on improving caring for
premature infants, there has been very little improvement on the prediction
and prevention of preterm birth [67]. For instance, mainstream clinical in-
terventions aimed at stopping preterm uterus contraction are ineffective to
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reduce the incidence of preterm labor [68]. Therefore, an improved under-
standing of the cervical structure is needed for developing effective solutions
to this problem.
4.1.2 Functions of the cervix during pregnancy
During the early stage of pregnancy, the cervix is firm in order to main-
tain pregnancy. Towards the end of gestation, it softens in order to al-
low the fetus to exit through the cervical canal [69–71]. This dramatic
change in stiffness is due to cervical remodeling, a phase that causes signif-
icant alteration in the microstructure and composition of the cervix several
months prior to labor [69,71]. During cervical remodeling, the cervix softens
by disorganizing collagen structures and reducing collagen content [72–74].
The dense and firm fibrous structure in the cervix becomes soft and dis-
tensible. Imaging techniques, such as X-ray diffraction [75], polarized light
microscopy [76], electron microscopy [76] and second-harmonic generation
(SHG) microscopy [70,77,78] were used in previous studies to observe such
morphological changes in cervical tissues due to cervical remodeling. How-
ever, many of the imaging techniques do not preserve the original microstruc-
ture because of exposure to ionizing radiation, or exogenous staining.
In this chapter, we are going to demonstrate the application of Fourier
transform-second-harmonic generation (FT-SHG) imaging to quantify col-
lagen fiber organization in the rat cervix. It is a quantitative imaging tech-
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nique that uniquely combines SHG imaging with spatial Fourier analysis. It
requires minimally invasive sample preparation because there is no need for
exogenous staining. By applying spatial Fourier analysis to SHG images, it
can quantify the morphology of the rat cervix with high specificity to col-
lagen fibers. In section 2 of this chapter, we will describe our methodology,
including sample preparation, image acquisition and analysis. In section
3, we will discuss the application of FT-SHG to quantify non-pregnant rat
cervix. We will summarize this chapter in section 4.
4.2 Methods
4.2.1 Sample preparation
Rat cervical tissues were harvested from five non-pregnant rats using a pro-
tocol approved by the Institutional Animal Care and Use Committee at the
University of Illinois at Urbana-Champaign. Harvested samples were embed-
ded in OCT blocks and stored at -80◦C until sectioning. For each embedded
sample, 50-µm-thick transverse slices were obtained from proximal to the
external orifice of the cervix (external os) and near the mid-cervix (half-way
between the internal and external cervical os), as shown in Figure 4.1, using
a Leica CM3050 cryostat (Leica Microsystems Inc., Buffalo Grove, IL, USA).
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Figure 4.1: Schematic of the rat cervix. Transverse slices were taken from near
the mid-cervix and the external orifice of the cervix (external os) [15].
4.2.2 Image acquisition
Epi-detected SHG images of cervical sections were acquired using a Zeiss
LSM 710 confocal microscope (Carl Zeiss Microscopy, Maple Grove, MN
55369, USA) coupled with a femtosecond light source (Newport Corpora-
tion, Irvine, CA, USA) centered at 780-nm wavelength. The incident beam
was circularly polarized to facilitate emission of SHG signals from collagen
fibers at all orientations. In order to minimize spherical aberration due to
refractive index mismatch between the sample and the imaging medium, a
1.2 numerical-aperture water immersion objective lens was chosen for both
sample illumination and signal collection. The combination of a short-pass
760-nm filter followed by a 390/20-nm band-pass filter was placed between
the objective and a GaAsP-NDD detector to extract the back-scattered SHG
signal.
Lateral scanning step sizes ranging from 208 nm to 2.1 µm were adapted for
imaging rat cervical tissues at different scales. For imaging whole transverse
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slices of rat cervix, SHG images were acquired at a lateral step size of 2.1 µm.
A lateral step size of 208 nm was used to obtain higher resolution images
of the selected characteristic regions. 3D image stacks of the characteristic
regions were obtained by taking consecutive images at a lateral step size of
208 nm and an axial step of 210 nm. Using similar step sizes in both lateral
and axial directions can avoid interpolating between consecutive images as
interpolation may introduce uncertainties. Among the five rat cervices used
in this study, three were used for 2D analysis and two were used for 3D
analysis. A complete image of each transverse slice was taken for all rat
cervices.
4.2.3 Image analysis
To quantitatively assess the arrangement of collagen fibers in the rat cervix,
FT-SHG was applied in both 2D and 3D. Briefly, Fourier transform (FT)
analysis was performed on gridded (2D) SHG images as well as (3D) image
stacks; each region bounded by the grid was examined individually. The grid
size was carefully chosen such that each bounded region was small enough
to describe the local orientation of collagen fibers while avoiding errors due
to pixelation. Each region that displayed a dominant orientation in the
frequency spectrum was labeled as anisotropic and assigned a preferred ori-
entation, whereas regions that lacked prominent orientations were labeled
as isotropic. In addition, regions with low or negligible SHG intensity did
not provide representative information of orientation isotropy; those regions
were consequently labeled as dark regions. In this chapter, we have utilized
the circular variance as the metric for quantifying orientation isotropy of
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SHG images. The circular variance is a dimensionless measurement of the
spread of orientation [79, 80], and has a value between 0 and 1; the smaller
the circular variance, the smaller the spread of preferred orientation.
4.3 Results and discussion
4.3.1 2D FT-SHG
Figure 4.2(a) is a representative image of a tissue slice obtained from the
mid-cervix. The FT analysis shows a loop of highly aligned collagen fibers
that is symmetric about both the sagittal and coronal planes. Areas adja-
cent to the highly aligned fibers and between the cervical canals are pre-
dominantly isotropic [Fig. 4.2(b)]. For a tissue slice obtained from near the
external os of the same rat cervix, the analysis displays similar arrangement
of collagen fibers [Figs. 4.2(c) and 4.2(d)]. Likewise, tissue slices from four
additional rat cervix samples contain similar spatial arrangement of collagen
fibers at both locations. This initial evaluation of the rat cervix indicates
symmetries and consistency in fiber organization on the transverse plane
and along the longitudinal direction of the organ, respectively. Therefore, it
allows us to select representative characteristic regions for a more detailed
evaluation of collagen fiber organization.
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Figure 4.2: 2. (a) An SHG image of a tissue section from the mid-cervix. The
characteristic regions are highlighted by the red boxes. (b) Results of FT-SHG
analysis of (a). (c),(d) The SHG image and results of FT-SHG analysis of a tissue
section near the external os of the same cervix sample. The scale is the same for
(a-d) and the scale bar is shown in (a) [15].
Three characteristic regions from both the mid-cervix and external os were
selected and analyzed at higher resolution with a lateral step size of 208 nm
(number of animals, n = 3) [Fig. 4.3]. The circular histograms of preferred
orientation of anisotropic regions are shown alongside their corresponding
SHG images in Fig. 4.3. Averaging over the six tissue slices analyzed, the
circular variances of the region between the cervical canals, and the two re-
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gions showing predominately circumferentially-oriented fibers near the coro-
nal plane and the sagittal plane are 0.187, 0.132, and 0.0898, respectively.
In the same order, the ratio of the number of anisotropic regions to the num-
ber of isotropic regions are 1.40 (standard deviation = 1.27), 1.87 (standard
deviation = 0.614), and 1.61 (standard deviation = 0.297).
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Figure 4.3: Results of FT-SHG of the characteristic regions indicated on Fig.
4.2(a). (a) The SHG image of the region between the cervical canals and near the
intersection of the sagittal and coronal planes. It is overlaid with colored blocks
indicating spatial locations of the labeled regions. White arrows represents pre-
ferred orientations of anisotropic regions. A circular histogram summarizing the
distribution of preferred orientation of the anisotropic regions and a histogram of
labeled regions are generated for quantitative evaluation and comparison between
different characteristic regions. The same analysis is shown for region 2 and region
3 labeled on Fig. 4.2(a), in (b) and (c), respectively. The coronal plane and the
sagittal plane correspond to 0◦ and 90◦ on the circular histograms. Scale bar =
100 µm [15].
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The region between the cervical canals, proximal to the intersection of the
sagittal and coronal planes (region 1), has a higher circular variance relative
to the regions that contain the circumferentially oriented fibers. The higher
circular variance indicates that the organization of collagen fibers in this
region is more isotropic, i.e., the collagen fibers are less aligned. In fact, the
SHG image of the central region displays an interwoven network of collagen
fibers in many different orientations [Fig. 4.2(a)]. Consistently, the FT-SHG
analysis shows that isotropic regions and anisotropic regions are randomly
distributed across the central region [Fig. 4.3(a)]. For the regions that
contain circumferentially oriented fibers, their circular histograms display
relatively low circular variances, which indicate that collagen fibers along
the circumferential loop are highly aligned. Similar to Figure 4.2(a), areas
in the immediate surroundings of the highly aligned fibers are relatively
isotropic for both regions. Therefore, regions 2 and 3 are approximately
equivalent to each other.
4.3.2 3D FT-SHG
Based on the aforementioned analysis, the rat cervix can be divides into
three distinct sections according to the fiber arrangement: a section with
highly aligned collagen fibers sandwiched between two isotropic sections [Fig.
4.4]. In addition, the isotropic sections also point to a potential 3D fibrillar
structure present in the rat cervix. The previous chapter has indicated that
isotropic regions indicated by the 2D FT analysis may contain out-of-plane
fibers with respect to the image plane due to the fact that each 2D image
can only capture a small portion of their lengths (Lau et al., 2012). In
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comparison, 3D FT-SHG analyze multiple images throughout the depth of
the tissue, and therefore avoids such ambiguity. As a result, 3D FT-SHG
may provide a more comprehensive evaluation of the morphology of the rat
cervix.
Figure 4.4: A representative illustration of the three sections of the region outside
of the cervical canals (indicated as region 2 on Fig. 4.2(a)). Each section has a
distinct spatial arrangement. As part of the loop of aligned fibers mentioned in
the initial evaluation, the section sandwiched between two isotropic sections con-
tains highly organized collagen fibers. Sections adjacent to that are predominantly
isotropic. According the SHG image, the isotropic sections consist of randomly
distributed isotropic and anisotropic regions [15].
Figure 4.5 displays results of the 2D and 3D FT-SHG analysis of a tissue
section obtained from the mid-cervix. The 2D analysis of the SHG image
of the tissue slice displays the same pattern of fiber arrangement as that in
fig. 4.5(b). Two characteristic regions were chosen and analyzed from a 3D
perspective. Despite the high orientation isotropy shown on the 2D image
of the region, there is a significant number of out-of-plane collagen fibers
between the canals according to the 3D rendered images as well as the 3D
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FT-SHG analysis [Figs. 4.5(c) and (d)]. For the region outside of the cervical
canals, labeled as region 2 in Fig. 4.5(a), there are a substantial number of
out-of-plane fibers at locations that were identified as isotropic by the 2D
analysis [Figs. 4.5(e) and (f)]. Similar arrangement of collagen fibers is also
found in another sample of rat cervix. Therefore, the 3D analysis provides
more revealing information of the fiber orientation in the areas that appear
to be predominately isotropic on a 2D image.
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Figure 4.5: (a) The SHG image and (b) the 2D FT analysis of the transverse
section show a group of highly aligned circumferential fibers. In addition, regions
next to the highly aligned area and those between the cervical canals are mostly
isotropic. Two characteristic regions chosen from the region between the cervical
canals and the aligned region were imaged in 3D. For the region between the cervical
canals, (c) the 3D rendered model, measuring 1062.5 µm x 212.5 µm x 23.5 µm and
(d) the 3D FT analysis indicate the presence of a 3D fibrillar network. According
to (e) the 3D rendered model of the outside region, measuring 1062.5 µm x 212.5
µm x 23.5 µm, and (f) its 3D FT analysis, out-of-plane fibers are also observed
from those regions adjacent to the highly aligned regions. The blue arrows and red
arrows indicate in-plane and out-of-plane orientations, respectively. The scale is
the same for (a) and (b) and indicated in (a) [15].
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As indicated by the 3D analysis in Fig. 4.6, there are out-of-plane fibers
at some of the isotropic regions. Such findings are consistent with the rat
cervix model from previous studies. It has been formerly established that
there exists three concentric layers around each cervical canal in the rat
cervix: a layer of circumferentially and transversely aligned fibers between
two layers composed of predominately longitudinal fibers [76]. This spatial
arrangement gives the rat cervix the desired shape and mechanical proper-
ties. Similar spatial arrangement is also found in the human cervix with
the exception that there is only one cervical canal in the human cervix [73].
However, the similar characteristics between rat and human cervices indi-
cate our technique can be potentially be applied to assess human cervical
tissues.
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Figure 4.6: A comparison between (a) 3D FT-SHG and (b) 2D FT-SHG on a
region outside of the cervical canals. For the 3D analysis, white lines and red lines
in (a) represents in-plane and out-of-plane preferred orientations, respectively. At
the isotropic sections previously identified using the 2D analysis, there exists a
significant amount of out-of-plane fibers. The scale is the same for (a) and (b) and
indicated in (a) [15].
4.4 Conclusion
Using FT-SHG, we have evaluated SHG images of unstained rat cervices
from both 2D and 3D perspectives. The FT-SHG analysis of the rat cervix
shows that the arrangement of collagen fibers varies as a function of location
on the transverse plane, but maintains consistent along the longitudinal
direction. Both 2D and 3D analysis highlights a loop of circumferentially
aligned fibers in the rat cervix. However, only the 3D analysis is able to
indicate that collagen fibers are predominantly aligned out-of-plane at the
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immediate surroundings of this area and at the regions between the cervical
canals. Based on the similarity between the structure of the rat cervix
and that of the human cervix model proposed by previous studies, 3D FT-
SHG has potential to be applied to the human cervix. Alongside the recent
development of a fiber-optic SHG scanning endomicroscope by Zhang et al.
[78], 3D FT-SHG can be a potential tool for minimally invasive assessment
of premature cervical remodeling in humans.
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Chapter 5
Conclusion
This thesis has reported the generalization of FT-SHG to quantify collagen-
based biological tissues in 3D. By utilizing the 3D imaging capability of SHG
microscopy and combining that with 3D spatial Fourier analysis, we can ef-
fectively evaluate the overall morphology of collagen-based tissues in a quan-
titative manner. As an extension of our previous technique, 3D FT-SHG
quantifies tissues based on local preferred orientation, orientation isotropy,
and average SHG intensity. Although 3D analysis involves extensive manip-
ulation of large data set, we utilized the filter-bank technique and coarse-
to-fine searching in our algorithm to minimize the number of iterations and
maximize the efficiency of our technique. By the use of a large number of
computer generated test objects, we have validated that our technique can
calculate 3D preferred orientation efficiently and accurately.
The example applications to porcine sclera and porcine tendon have demon-
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strated the utility of 3D FT-SHG to quantify biological tissues. The con-
sistency between the original SHG images and the results obtained from
3D FT-SHG indicates the promising potential of applying 3D FT-SHG to
solve real biological problems. Therefore, our recent study has applied 3D
FT-SHG to quantify rat cervical tissues. Previous studies have formerly
stated that preterm birth is associated with early cervical remodeling, a pro-
cess that disorganizes collagen microstructures and reduces collagen content
in the cervix. Therefore, an imaging technique that can accurately assess
changes in the microstructures of the cervix will be an invaluable resource
for the development of effective solutions to preterm birth. Based on our
recent study, spatial information of the rat cervix can be extracted readily
from both 2D and 3D perspectives using FT-SHG. Our results has not only
restated the promising utility of FT-SHG, but also proposed an effective
technique for accessing morphological changes in cervical tissues. It could
be a potential tool for detecting the likelihood of preterm birth.
In the immediate future, the development of simultaneous SHG imaging and
analysis will be essential for developing our technique for medical applica-
tions. By integrating our existing FT-SHG graphical-user-interface applica-
tion with a microscope system, both imaging and analysis can be performed
at the same time. Alongside improvements in imaging systems and devel-
opments of more efficient algorithms, FT-SHG can potentially be applied to
real-time, in vivo applications.
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